A new method for the quantification and characterization of manganese-oxidizing activity by spent culture medium of Leptothrix discophora SS-1 was developed. It is based on the formation of the dye Wurster blue from N,N,N',N'-tetramethyl-p-phenylenediamine by oxidized manganese generated in the spent medium. The kinetic parameters thus obtained agreed well with data obtained with other methods. It was also possible to demonstrate iron oxidation by spent culture medium. The kinetics of the process and inhibition by enzyme poisons suggest that iron oxidation is enzymatically catalyzed. Probably two different factors are involved in manganese and iron oxidation.
Leptothrix discophora is a freshwater bacterial species known for its ability to oxidize iron and manganese (14, 15) . In iron-and manganese-rich natural waters, sheath-covered cell strings and empty sheaths of this species encrusted with ferromanganese oxides and oxyhydroxides are often found (8) . Extracellular sheath macromolecules are believed to be involved in iron and manganese oxidation. The strain L. discophora SS-1 was isolated and characterized by Adams and Ghiorse (1, 2) . This strain does not form a wellstructured sheath anymore, but at least one factor that is able to catalyze the oxidation of manganese is excreted into the culture medium (3, 5) . Upon sodium dodecyl sulfatepolyacrylamide gel electrophoresis, the manganese-oxidizing activity comigrates with a protein with an apparent molecular weight of 110,000. Manganese oxidation follows enzyme kinetics, and studies on the inhibition, pH optimum, and temperature optimum of manganese oxidation all indicate that this process is enzymatically catalyzed (3, 5) .
It is difficult to discriminate between biological and nonbiological iron oxidation under physiological conditions. That is why iron oxidation by bacteria living at neutral pH has not been studied in detail. In the present work we investigate biological oxidation of iron by spent culture medium of L. discophora SS-1. The ferrocyanide complex was used as a substrate. The compound N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD), which can be oxidized to the dye Wurster blue (13) , was used as an indicator for the presence of oxidized iron.
The formation of Wurster blue from TMPD may be of general use for the quantification and characterization of microbial metal oxidation. The method was evaluated by using the manganese-oxidizing capacity of the spent culture medium of L. discophora.
MATERIALS AND METHODS
Organism and its cultivation. L. discophora SS-1 was kindly provided by W. C. Ghiorse (Cornell University, Ithaca, N.Y.). Cultivation of the organism has been described previously (1, 5 The increase in the A610 by oxidation of TMPD to Wurster blue was calibrated by adding known amounts of K3Fe(CN)6 from a 10 mM stock solution to solutions of 0.19 mM TMPD in 10 mM HEPES (pH 7.5) and measuring the A610 within 10 min. Calibration was also performed with a suspension of MnO2, prepared from KMnO4 and MnCl2 as described before (6) . The concentration of MnO2 in the suspension was first determined with the Leucoberbelin blue assay (10 was also reduced to that level by the presence of NaN3 at a concentration of 1 mM. Neither heating nor NaN3 affected the oxidation in HEPES buffer and fresh culture medium. The oxidation rates in spent medium varied in different batches. They were also dependent on the concentration of TMPD added; at 0.19 mM TMPD (normally used in the experiments described here) the oxidation rate was about twice that at 0.10 mM TMPD (4.4 and 2.4 nmol/ml/min, respectively).
By using a solution of TMPD in spent medium as a blank in experiments where manganese or iron oxidation was measured, the rates of the nonbiological plus biological oxidation of TMPD by spent medium (curve c in Fig. 1 ) were automatically subtracted from the oxidation rates in the metal-containing samples. After MnCl2 was added to the sample under these conditions, the A610 increased with time ( Fig. 2) . Apparently TMPD was oxidized at a higher rate in the presence of MnCl2 than in its absence. The oxidation rate in the presence of MnCl2 increased with increasing MnCI2 concentration (Fig. 2) . The increase in the A610 under these conditions can only result from the oxidation of manganese by spent medium, which is followed instantaneously by the oxidation of TMPD by the oxidized manganese. No increase resulting from the addition of MnCl2 was observed in spent medium that was previously heated to 100°C or in spent medium to which NaN3 (final concentration, 1 mM) was added. The rate of the TMPD oxidation in spent medium after the addition of MnCl2 was dependent on the growth phase of the bacteria from which the media were obtained (see also below). The highest activity (usually about 5 to 8 nmol of TMPD oxidized per ml per min, in the presence of 100 p.M MnCl2) was found in the medium of early-stationaryphase cultures.
The effect of the addition of MnCl2 on the oxidation rate of TMPD was independent of the concentration of TMPD. Moreover, it was only observed in spent culture medium, not in fresh culture medium or in HEPES buffer, supporting the conclusion that the increased formation of Wurster blue from TMPD represented the oxidation of manganese. The primary oxidation product generated by two species of added to 400 ml of spent culture medium from a culture in the early stationary growth phase at a final concentration of 200 ,uM. The manganese oxide formed was collected by centrifugation at 15,000 x g for 30 min. It was washed once with 10 mM HEPES buffer (pH 7.5) and then dissolved in 2 ml of 0.1% hydroxylamine in 10 mM HEPES buffer (pH 6.0). Free Mn2+ was removed by chromatography on a Sephadex G-25 column (PD-10; Pharmacia) equilibrated with 0.1% hydroxylamine in 10 mM HEPES (pH 6.0). The reducing agent was then removed on a Sephadex G-25 column equilibrated with 10 mM NH4HCO3. The samples were evaporated to dryness in a Speed Vac concentrator (Savant) and finally dissolved in Laemmli sample buffer.
After electrophoresis the gels were rinsed in 10 mM HEPES (pH 7.5) (three times for 10 min each) and stained for oxidizing activity by one of the following procedures. (i) Gels were incubated in a freshly prepared solution of 0.15 mg of TMPD in distilled water, immediately before the incubation HEPES buffer (pH 7.5) was added to a final concentration of 1 mM. (ii) Gels were incubated as in procedure (i), plus MnCl2 or K3Fe(CN)6 was added to a final concentration of 100 jiM; staining developed within minutes and gels were photographed within 5 min after the onset of the incubation. (iii) Staining for manganese-oxidizing activity with 100 ,uM MnCl2 in 10 mM HEPES (pH 7.5) was done as described previously (5) . Alternatively, gels were stained with Coomassie brillant blue.
RESULTS
Use of TMPD for the determination of manganese oxidation rates by spent culture medium. When dissolved in HEPES buffer or fresh culture medium at pH 7.5, TMPD was oxidized by oxygen from the air at a rate of 1.0 or 2.3 nmol/ml/min, respectively (Fig. 1, curves a and b) . The oxidation rate increased to 4.4 nmol/ml/min when TMPD was added to spent culture medium (Fig. 1, curve c) . The increased oxidation of TMPD was probably catalyzed by one or more proteins, because heating of the medium to 100°C for 10 min reduced the oxidation rate to 2.3 nmol/ml/min (data not shown). The oxidation of TMPD by spent medium (Fig. 3) . By electron spin resonance spectroscopy, it was established that the Wurster blue concentration decreased, whereas the concentration of Mn2+ remained constant (data not shown). Apparently Wurster blue was further oxidized by oxidized manganese to a noncharacterized and probably unstable compound resulting in the decrease of the A610. Manganese oxide formation was only observed after complete decoloration of the solution.
Comparison of TMPD assay with other methods for the determination of manganese-oxidizing activity. (Fig. 2) .
It amounted to 6.6 ,uM Mn2' at a Vmax of 8 nmol/mUmin. This Km agrees well with those reported by Adams and Ghiorse (1) and Boogerd and de Vrind (5) (7 and 13 FLM Mn2+, respectively). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After separation of the constituents of the concentrated spent medium with sodium dodecyl sulfate-polyacrylamide gel electrophoresis, gels were incubated in a TMPD solution. At least some of the proteins responsible for the biological oxidation of TMPD by spent culture medium could be identified. One strongly stained band and one weakly stained band were observed (Fig. 4) . In some cases a weakly stained third band was found at an intermediate position (data not shown). The TMPD-oxidizing capacity of the band comigrating with the manganese-oxidizing activity (Fig. 4 , compare lanes c and d) was strongly enhanced by the addition of Mn2+ to the staining solution (Fig. 4, lane e) . After prolonged incubation this band became decolored, indicating oxidation of previously formed Wurster blue. No decoloration of the other bands was observed (Fig. 4, lanes g and f) .
Oxidation of iron by spent culture medium. Oxidation of Fe(II) by spent culture medium of L. discophora was demonstrated with K4Fe(CN)6 added (final concentration, 100 ,uM) to a mixture of TMPD and spent culture medium. The rate of the increase of the A610 after the addition of K4Fe(CN)6 was independent of the TMPD concentration (Fig. 5) . Consequently 1 mol of TMPD oxidized corresponded to 1 mol of iron oxidized.
No oxidation of iron was measured in spent medium previously heated to 100°C for 10 min. The iron-oxidizing activity of the spent medium was dependent on the growth phase of the culture (Table 2) . It was highest in spent medium of cultures in the early stationary phase. The ratio between manganese-and iron-oxidizing activity varied in the media from cultures in different growth phases ( Table 2) .
Filtration of the spent medium through a 0.2-p.m-pore-size filter did not affect the iron-oxidizing activity, whereas the manganese-oxidizing activity was reduced by about 50% by this treatment.
Kinetics and inhibition of iron oxidation by spent culture medium. The iron oxidation in spent culture medium approximately followed enzyme kinetics in the range of 0 to 400 p.M K4Fe(CN)6. The apparent Km was determined to be 7.7 ,uM Fe(CN)64-at a Vmax of 4 nmol/ml/min.
Iron oxidation was inhibited by HgCl2, NaN3, and NaCN (Table 3) . It was not affected by the presence of Zn2+ or Co2+ at concentrations of up to 500 ,uM. These results suggest that iron, like manganese, is enzymatically oxidized in spent culture medium of L. discophora. In contrast with the manganese-oxidizing factor, the iron-oxidizing factor could not be easily identified in the spent medium. Upon TMPD staining of the gel after gel electrophoresis of the spent medium, enhanced oxidation of TMPD could not be detected at any position in the gel after the addition of K4Fe(CN)6 to the TMPD staining solution.
DISCUSSION
In this paper we present a new method for the quantification and characterization of the manganese-oxidizing activity excreted in the culture medium by L. discophora. It is based on the instantaneous oxidation of TMPD to the dye Wurster blue after the addition of MnCl2 to active spent medium. Studies by Hastings and Emerson (9), Mann et al. (12) , and Adams and Ghiorse (4) have indicated that the primary product of manganese oxidation by two species of manganese-oxidizing bacteria has an average oxidation state of about 3. Depending on thermodynamic conditions, this product may alter into oxides with higher oxidation states. We propose that Mn3+ is generated in the spent medium. [5] , increase in optical density by manganese oxide formation [3] ) lack this sensitivity. Moreover, the oxidation rates measured with the TMPD method are independent of the oxidation state of the final product. With the Leucoberbelin blue assay, the kinetic data are based on the assumption that MnO2 is formed. For an accurate interpretation of these data, in principle the average oxidation state of the oxides formed should be determined.
When manganese oxides are formed, the manganese-oxidizing factor eventually becomes encrusted, and consequently the manganese oxidizing activity is masked (7, 9) . In the TMPD assay this phenomenon plays no role.
There is no indication that TMPD inhibits the manganese oxidation. The rates measured were equal to or slightly higher than those obtained with the Leucoberbelin blue assay, and identical oxidation rates were obtained at different TMPD concentrations.
TMPD is also oxidized to Wurster blue by Fe(III) compounds equally well at neutral and low pHs. Therefore the TMPD method may be very well suited to the study of iron oxidation by various bacterial strains under different physiological conditions. Here the TMPD method was used to investigate biological iron oxidation by L. discophora. We used the ferrocyanide complex as a substrate because this complex is not as easily oxidized by oxygen from the air as are noncomplexed iron compounds. We demonstrated Fe(II) oxidation by spent culture medium. The data obtained so far strongly suggest involvement of a protein, possibly an enzyme, in the iron oxidation: the process shows enzyme kinetics and is inhibited by a number of enzyme poisons and heating of the spent medium. Several experiments indicate that the iron-oxidizing factor is not identical to the manganese-oxidizing factor in the spent medium. The manganeseoxidizing factor is possibly part of a large complex (5), causing its partial retention by 0.2-,um-pore-size filters. The VOL. 56, 1990 iron-oxidizing activity was not retained. Both the iron-and the manganese-oxidizing activities varied with the growth phase in which the cells were harvested; the highest activity was found in medium from early-stationary-phase cells. The ratio between the two activities varied, however, supporting the assumption that different factors are involved in the two processes. The existence of two different factors may also explain why the manganese-oxidizing factor as identified in gels after gel electrophoresis showed increased oxidation of TMPD in the presence of MnCl2, whereas no such effect was obtained after addition of K4Fe(CN)6. No iron-oxidizing activity was detected in media from late-stationary-phase cells. Apparently the iron-oxidizing factor was less stable than the manganese-oxidizing factor.
It is uncertain whether the manganese-or iron-oxidizing activity in the spent medium of L. discophora SS-1 represents an activity that is responsible for the accumulation of ferromanganese oxides by sheath-forming Leptothrix strains. Ghiorse (8) has suggested that bacterial manganese oxidation may be a specific process, whereas the accumulation of iron oxides may result from mere binding of reduced iron species to anionic groups on bacterial macromolecules, followed by nonbiological oxidation to iron oxides. Our results may point to a role of one of more specific proteins in the process of iron oxidation by L. discophora.
The identification of the iron-oxidizing factor awaits further experimentation. The spent culture medium as obtained in the present experiments contained at least two factors (partially consisting of protein as indicated by Coomassie brillant blue staining) that were able to oxidize TMPD without the addition of manganese or iron; one of them was identified as the manganese-oxidizing factor. The factor with the highest molecular weight had the highest TMPD-oxidizing activity under these conditions. Its relation to the manganese-or iron-oxidizing activity is the subject of future studies in our laboratory.
